Expression of a V5His tagged form of Cnc-C revealed that the transcription factor is itself a proteasome substrate that is stabilized when the proteasome is inhibited. We propose that this single cnc gene in Drosophila resembles the ancestral gene family of mammalian nuclear factor erythroid derived 2-related transcription factors that are essential in regulating oxid ative stress and proteolysis.
Introduction
The ubiquitin/proteasome system (UPS) degrades intracellu lar proteins and is essential for regulating a wide range of cellular pathways. The UPS plays a critical role in the regulated degradation of proteins involved in tumor development and cell cycle control. Proteins destined for proteasomal degradation are modified by conjugation of ubiquitin moieties through the concerted action of E1, E2, and E3 enzymes. Repeated rounds of conjugation lead to the formation of a polyubiquitin chain attached to the target protein, making it a preferred substrate for the 26S proteasome. The 26S proteasome, which hydrolyzes the targeted proteins, is composed of a 20S proteolytic core flanked by one or two 19S regulatory particles (17) . The 19S regulatory particle functions to acquire ubiquitylated substrates and direct them into the proteolytic chamber (18, 40) .
Proteasome inhibitors have been shown to possess strong anti-tumor activity and are used in the treatment of multiple myeloma. One such inhibitor, bortezomib (Velcade), was the first approved compound in this new category of cancer treatment (43) . Proteasome inhibitor treatment can result in increased proteasome levels. Recently, an adaptive feedback mechanism was identified where long-term treatment of human lymphoma cells with bortezomib induced increased de novo biogenesis of proteasomes (14) . This allowed the cells to survive proteasome inhibition and to become hyperproliferative and apotosis-resistant. A number of cancer cell types have been shown to have abnormally high proteasome levels, including certain human hematopoietic tumor cells (26) . Identifying the factors that participate in transcription of proteasome subunit mRNAs would be valu able in understanding the regulation of ubiquitin proteasome a ctivity and help explain the anti-tumor activity of proteasome inhibitors.
In Saccharomyces cerevisiae, a well-defined transcription negativefeedback loop controls proteasome levels (11, 31, 53) . The transcription factor RPN4 binds to promoter PACE elements and promotes transcription of proteasome and related genes. RPN4 is a rapidly degraded proteasome substrate and is present at low levels when proteasome activity is sufficient for degradation of UPS substrates. Surprisingly, the RPN4 negative-feedback network has only been identified in Saccharomyces cerevisiae and the closely related yeast, Hemiascomycetes (30) .
Treatment of mammalian or Drosophila cells with proteasome inhibitors
results in the up-regulation of proteasome subunits (29, 34) . In both Drosophila adults and cell culture the depletion of one of the proteasome ubiquitin receptors, S5a/Pros54 ( PSMD4), strongly increases the specific transcription and over -production of proteasome subunits (29, 48) .
Importantly, Drosophila cells depleted of S5a do not up-regulate stress or heat shock genes, suggesting that a proteasomal gene-specific transcriptional regulatory pathway exists in Drosophila.
Genome wide RNAi libraries have proven to be a powerfu l tool to identify new essential genes in many pathways (9) . We have used one such genome wide RNAi library of transcription related genes to identify the transcription factors that may control metazoan proteasome levels. Initia l validations of our screen identify a transcription factor, Cnc-C, which contributes to the expression of proteasomal components in Drosophila. It has been shown previously that Drosophila Cnc-C plays a role in oxidative stress tolerance, similar to the mammalian Nrf2 transcription factor (nuclear factor-erythroid 2 p45 subunit-related factor 2), and it has been proposed to be a direct homolog of mammalian Nrf2 (46) . In this work we show by phylogenetic analysis that duplication of the Nrf genes occurred during vertebrate evolution and we instead propose that Cnc -C resembles the common ancestral complex to the mammalian Nrf transcription factor gene family.
Heat stress results in strong up-regulation of proteasomal activity in human fibroblasts (2) . However, it has been shown that proteasome genes are not co-regulated by the same transcription factor, Hsf1, as heat shock proteins in response to cellular stress in mammalian cells (49) . Recently, the Nrf1 transcription factor (TCF11) was shown to be important for induction of proteasome gene transcription in mammalian cells (41, 45) . Our current results demonstrate a functional similarity between the ma mmalian Nrf1 transcription factor and Drosophila Cnc-C, suggesting that there is an evolutionary conserved function in proteasomal gene transcription for this specific transcription factor. Using a V5His tagged Cnc-C construct we show that the Cnc-C protein is degraded by the proteasome and is also stabilized by depletion of the proteasome ubiquitin receptor S5a. We present a model where both oxidative stress tolerance and proteasome induction are controlled by a single transcription factor in Drosophila, Cnc-C.
Results

Inhibition of Ub
G76V
GFP proteasomal degradation screened through a genomic wide RNAi library of transcription factors
To screen for factors that are required for the specific tr anscription of proteasome genes, a Drosophila S2 stable cell line (29) GFP is a widely used proteasomal reporter where the single G76V mutation inhibits cleavage of the ubiquitin from the GFP and converts the GFP into a UFD proteasome substrate (Fig. 1A) . Ub G76V GFP is constitutively expressed at high levels via an actin promoter in these cells and results in low fluorescence levels when UPS activity is at wild -type levels. The Ub G76V GFP reporter requires both the 26S proteasome and pre-processing by the p97 ATPase for degradation (3) . We predicted that RNAi depletion of a factor that is specifically responsible for transcription of proteasome pathway genes, rather than a part of the general transcription machinery, would deplete the cell of proteasomes, but would not interfere with the ability to express the Ub G76V GFP reporter.
The dsRNAs used in this screen were from a Drosophila transcription factor RNAi sub-library (DRSC TRXN) (42) . This sub-library targets Drosophila genes that have either proven or predicted roles as transcription factors. The library contains on average two amplicons per gene and a total of 993 genes targeted. After 2 days of RNAi treatment the library was screened using inverted fluorescent microscopy and scored by two independent screeners for three consecutive days. Variable auto -fluorescence from the well surfaces compromised the results obtained by automatic fluorescent plate reading and therefore manual screening was used. Knockdown of the p97 ATPase or proteasome subunits were used to set a maximum positive score value. The assay used a blind screening method where the identity of the genes targeted by the dsRNA in the wells was unknown. Each day two screeners scored a 384 well plate. On following days the screeners were switched so that all examiners scored every RNAi well in the RNAi library at least once. The scores were averaged and compared in a heat map format (Fig. 1B and Sup. Fig. 1 ). For the heat map, only scores that were marked positive at some level by both independent screeners are sh own. Initially, a total of 52 RNAi treatments resulted in increased levels of Ub G76V GFP. The majority of the 52 targeted genes showed only minor stabilization of the UPS reporter while a small number showed stronger increases. The identified genes were grouped into three classes; group I, stabilizati on observed consistently over the three day screen period; group II , stabilization of Ub G76V GFP reporter that occurred for two of the three days; group III, stabilization that occurred only on a single day. The class I group of RNAi targeted transcription factors had the highest levels of Ub G76V GFP reporter stabilization.
For the majority of transcription factors screened , two distinct dsRNAs were present in the library. However, for the majority of candidates found to be positive only a single dsRNA led to visual stabilization of Ub G76V GFP. The exceptions that showed multiple positive hits in the library screen were the Drosophila genes, cnc, spen, cenp-C, foxo, and the little studied genes CG34406, similar to the human zinc finger protein 84 (ZNF84) and CG5366, high similarity to the cullin-associated NEDD8-dissociated protein 1 TIP120/CAND. The proposed small co-subunit to Cnc, the Maf protein Maf-S, was also initially observed to stabilize Ub The Drosophila cnc gene encodes seven different mRNAs ( Fig. 2A) . The majority of these transcriptional forms are due to different transcriptional start sites and not alternative splicing. The related mammalian homologs of Drosophila cnc include the p45 NFE2 (nuclear factor erythroid-derived 2) and the Nrf family of bZIP genes (NFE2-related factors, Nrf1, Nrf2, and Nrf3) ( and Cnc-C a response mediator similar to the Nrfs (47).
Our RNAi screen implicated the protein encoded by the longest transcript of cnc, cnc-C, in Drosophila proteasome regulation. RNAi depletion using dsRNA targeted specifically to cnc-C was equivalent or better at inhibiting proteasome degradation than dsRNA constructs that targeted all cnc transcripts. The cnc-C transcript contains a long unique 5ʼ sequence that is absent in the other transcripts ( While Cnc-C clearly has a role in antioxidant response (44) , phylogenetic analysis does not support Cnc-C being a specific invertebrate homolog of the mammalian Nrf2 (Fig. 3) . A comprehensive phylogenetic analysis with metazoan Cap -N-Collar bZIP sequences from a wide range of metazoan species supports an evolutionary model where the Nrf2 gene arose after the split between vertebrates and invertebrates . This is also supported by a previous study (25) . Interestingly, the phylogenetic analysis also suggests that the duplication of bZIP proteins appears to have occurred in Chordata after the divergence of the vertebrates from the primitive chordates such as the Tunicates, Ciona intestinalis, an urocordate and the Lancelet, Branchiostoma floridae, a cephalocordate.
RNAi depletion of cnc-C mRNA decreases levels of the 26S proteasome
The stabilization of Ub 
Depletion of the Keap1 substrate adaptor protein does not induce proteasome level increases
In Drosophila it has been shown that the expression of Keap1 rescues defects due to overexpression of cnc-C in the eye (46) . In mammals Keap1 is a BTB-Kelch-type substrate ad aptor protein of the Cul3-dependent ubiquitin ligase complex and functions as an adaptor for the Cullin 3 based E3 ligase to regulate the stability of the CNC protein Nrf2 (6, 15, 24, 55). As found in mammalian systems with Keap1 and Nrf2, Drosophila Keap1 and Cnc-C are proposed to directly bind to each other and have been id entified to interact in two-hybrid experiments (16) . In the standard model , Keap1 acts as a negative regulator of Cnc-C and together they play an important role in the cell as an important sensor for oxidants and toxic agents, during antioxidant and detoxification responses (see Fig. 7 ).
To examine the effects on proteasome subunit levels the Drosophila Keap1 was knocked down with RNAi ( Fig. 4D) . Surprisingly, no increase in any proteasome subunit levels was apparent after dsRNA treatment against
Keap1, but showed a decrease in each subunit. Quantitative RT-PCR measurements of cells treated with dsRNA to Keap1 showed that partial depletion of Keap1 by RNAi treatment could significantly increase an oxidative stress response gene, gstD1, but no significant incr ease in mRNA level was observed for a proteasome subunit (Sup. Fig. 3 ).
Cnc-C is essential for the Drosophila proteasome recovery pathway
To confirm that RNAi directed to cnc led to decreases at the transcriptional level, mRNA levels for several components of the 26S proteasome were measured by quantitative RT-PCR ( were also measured, which have been shown to be co-regulated with the proteasome in S. cerevisiae and Drosophila (23, 29) . The levels were normalized to the RpL32 mRNA standard and compared to a control RNAi knockdown using dsRNA to GFP. Knockdown of these transcription factors resulted in modest but significant decreases at the mRNA l evel for all three classes of proteasome genes from 20-40% declines (Fig. 5A ).
Consistent with the earlier RNAi screening, knocking down a single cnc transcript, cnc-C, resulted in decreases at the proteasome mRNA level that were equal or better than targeting all cnc transcripts. A significant decline in the level of mRNA for the p97 ATPase was also observed following cnc-C knock-down. A Taqman probe was available to examine the mRNA levels of cnc after RNAi treatments and confirmed specificity of the d sRNA treatments.
The commercially available probe was designed to anneal t o all the predicted transcript forms of cnc. Targeting specifically to the cnc-C transcript lowered the mRNA levels of the overall cnc mRNA less (cnc-C dsRNA#1 -36%; dsRNA#2 -29%) than targeting with one designed to target all cnc transcripts (cnc-All -42%).
A number of ubiquitin binding proteins have been characterized and several others have been proposed to assist in the proteasomal degradation of ubiquitylated substrates. One of these facilitator prot eins is the proteasome subunit S5a. Depletion of the ubiquitin binding subuni t S5a increases the protein levels of Drosophila proteasome subunits (Fig. 4) , but requires the presence of Cnc-C. Quantitative PCR measurements show that this regulation occurs at the mRNA level (Fig. 5B) . As was seen at the protein level, the induction of proteasome mRNA after depletion of the ubiquitin receptor S5a
was blocked in the absence of Cnc-C, indicating that the Cnc-C transcription factor is responsible for the increased levels of proteasome and p97 mRNAs after loss of the S5a proteasome subunit.
The recovery of proteasome levels after proteasome inhibitor treatment was also examined. After treatment with the proteasome inhibitor MG132 mammalian and Drosophila cells increase their proteasome component mRNA levels (29, 34) . This has been termed the proteasome recovery pathway (41) and these increases in proteasome and p97 mRNA levels are blocked by RNAi against cnc-C (Fig. 5C ). Overall these results show that Cnc-C is essential for the cellʼs ability to restore proteasome levels after proteasome inhibitor treatment and it contributes partially to maintaining basal levels of the proteasome mRNAs in steady state conditions.
Cnc-C is a proteasome substrate and stabilized when the u biquitin receptor S5a is depleted
To understand the role of the proteasome in maintenance of Cnc-C protein levels a V5His-tagged recombinant Cnc -C containing 576 amino acid residues of the unique Cnc-C protein was expressed in Drosophila S2 cells. Since multiple attempts to generate polyclonal Cnc-C specific antibodies were unsuccessful, cnc-C was cloned from a Drosophila cDNA library and a C- Under conditions of low cellular proteasome activity the membrane bound Cnc-C protein is cleaved by a currently unknown proteolytic system and the liberation of a N-terminal truncated soluble form of Cnc-C promotes increased transcription of proteasome genes in the nucleus (Fig. 7) .
Discussion
Targeted inhibition of the 20S proteasome proteolytic activity has become a new and unique avenue in treating multiple myeloma and other cancers (44) .
While the understanding of how to inhibit the in vivo levels of the proteasome has greatly advanced in the past decade, less is known about the basic cellular mechanisms that increase or decrease overall proteasome levels, such as up-regulation of proteasome activity observed in muscle wasting conditions or the poorly understood age-related decline in proteasomes (7).
To identify disease states that would be likely candidates for the use of On the other hand, the Cnc-C transcription factor does appear to have a dominant role in the re-establishment of proteasome levels after proteasome inhibitor treatment. A significant loss of proteasome mRNA induction was seen in cells depleted of Cnc-C. Also, the increase of proteasome mRNA levels caused by the depletion of the ubiquitin binding S5a protein was blocked when Cnc-C was depleted.
The cnc gene with its alternative transcripts may serve multiple roles in Drosophila similar to the multi-gene nrf transcription factor family in mammals.
Treatment with dithiolethiones leads to increases of proteasome levels in mammalian cells through the oxidative stress pathway Nrf2-Keap1 and is due to increased transcription of genes for proteasome 20S and 19S subunits (27) . However, it is unlikely that the Nrf2 plays a major rol e for the basal maintenance of 26S proteasome levels. Knockout of the nrf 2 gene results in mice that are developmentally normal, but are more sensi tive to chemical or environmental stress (5) . In contrast with the knockout of nrf2, the knockout of the nrf1 gene is embryonic lethal (4, 12) . Nrf1 is essential for normal liver function in mice and liver-specific disruption of nrf1 in mice results in increased inflammation and apoptosis and with additional time these mice spontaneously develop cancer (54).
Drosophila Cnc-C and mammalian Nrf1 N-terminal regions share sequence similarities and suggests possible similar regulation of the transcription factors. Nrf1 is believed not to be regulated by Keap1, but instead is proteolytically cleaved , liberating it from its membrane anchor, in a poorly understood process (57). Through the expression of a tagged form of a V5His
Cnc-C, we also observe a possible proteolytic cleavage of a solub le form of the Drosophila transcription factor. Based on the retention of the C-terminal tag present in the expressed transgenic Cnc-C sequence, the cleavage likely occurs N-terminally. During the revision of our manuscript, the long isoform of human Nrf1, TCF11, was shown to be an essential regulator for 26S
proteasome formation via an ERAD membrane feedback loop (45) . For human TCF11 to upregulate proteasome subunit genes, both deglycosylation and cleavage of TCF11 is required for translocation from the ER membrane to the nucleus.
Cnc-C may control proteasome levels independently of Keap1. Previous
Drosophila genomic transcriptional profiling experiments show that S5a depletion results in a specificity for inducing proteasome genes (29).
Secondly, Keap1, which binds to and prevents Cnc-C from entering the nucleus and up-regulating anti-oxidant genes, is surprisingly one of the few non-proteasome genes transcriptionally up-regulated after S5a depletion when transcription of proteasome components is induced. We have previously shown that increased levels of proteasome gene expression are regulated by small regions that overlap the transcriptional start regions of proteasome genes. For the proteasome genes Rpn1 and Beta-2, the transcriptional start regions contain ARE-like sequences, (GCAgtGTGACcgcGCGgcga) and (GAGcgATGACaaaCAAaatt), centered within previously mapped locations essential for induced transcription after proteasome inhibition (29) . However, these sequences are directly after the transcription start site and are present on the anti-sense strand of the DNA (Sup. Fig. 4) . Future studies will be required to understand the function of Cnc-C binding both oxidative stress regulated genes and prot easome genes.
Our recent results have led us to propose a speculative mo del for Drosophila proteasome regulation (Fig. 7) . The model proposes tha t RNAi knockdown of the ubiquitin receptor protein S5a stabilizes Cnc-C, which is post-translationally modified and cleaved, to specifically serve in transcribing proteasome and proteasome related genes. It has been previousl y shown that loss of S5a stabilizes a subset of important cellular proteasome substrates. In
Saccharomyces cerevisiae deletion of S5a (Rpn10) stabilizes a range of ubiquitin proteasome substrates including the bZIP transcription factor Gcn4 (32, 52).
We propose that for Drosophila, a single protein, Cnc-C, is important for transcription of two large pathways of genes, anti-oxidant genes and proteasome genes and supports the idea that transcriptional specificity is occurring even though a single transcription factor is involved. 
Materials and Methods
RNAi interference library screen-Screening of 384-well plates
384-well plates with pre-aliquoted double-stranded RNA (dsRNA) were thawed for a few minutes and then spun down at 200 x g for 1 minute.
Ub
G76V
GFP stable cells were counted, spun down at 100 x g for 5 minutes and washed twice, after which they were resuspended in serum free media at a concentration of 2.5x10 6 cell/mL. The adhesive seal on the plates was removed and 10 µL cells were plated in each well. The plates were incubated for 2 hours, after which 30 µL complete media were added to each well. The For knockdown, Drosophila S2 cells were diluted to a concentration of 1x10 6 cells/ml in Express Five Serum Free media (Invitrogen). After cell attachment, medium was replaced twice with 1 ml serum -free media, and the cells were grown in the serum -free media for 1 to 2 h. dsRNA were introduced into ce lls by adding 20 -60 µg of dsRNA directly to the medium under constant ag itation.
After 12 h, 2 ml complete S2 media (Invitrogen) were added, and the cells were cultured for 3 to 4 days prior to isolation.
Synthesis of dsRNA-
A second round of double stranded RNAs (approximately 600 bp length) were generated to candidate transcription factors and to prote asome genes. The resulting clone was sequenced and site directed mutagen esis was carried out to fix two unwanted mutations present in th e PCR clone.
Oligos used for mutagensis were:
The resulting clone expressed a 611 amino acid residue len gth C-terminal tag V5-His C region. The Cnc -C region itself was 576 amino acid residues in length and only contained Cnc -C specific sequence and not the bZIP binding domain found in all Cnc transcripts. The mammalian system contains three distinct genes Nrf1, Nrf2 and Nrf3. C.
Figures
The N-termini of Nrf1 and Nrf3 function as signal peptide sequ ences (38, 57) and anchor the proteins to membranes. The Drosophila Cnc-C N-terminus shows similarities to both mammalian Nrf1 and Nrf2 criti cal domains. The
Drosophila Cnc-C and other insect Cnc sequences show similarity to the mammalian Nrf1 N-terminal region, which has been shown to target Nrf1 t o the ER and cell membranes but is absent in Nrf2 transcription factors. The
Drosophila Cnc-C also contains two positionally conserved Keap1 binding domains that target mammalian Nrf2 to the 26S proteasome. 
